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Abstract Transport of dissolved material in streams and small rivers may be characterized
using tracer-dilution methods and solute transport models. Recent studies have quantified
stream/substream interactions using models of transient storage. These studies are based on
tracer-dilution data obtained during periods of steady flow. We present a modeling framework for
the analysis of transient storage in stream systems with unsteady flows. The framework couples a
kinematic wave routing model with a solute transport model that includes transient storage. The
routing model provides time-varying flows and cross-sectional areas that are used as input to the
solute transport model.

The modeling framework was used to quantify stream/substream interaction in Huey Creek,
an Antarctic stream fed exclusively by glacial meltwater. Analysis of tracer-dilution data
indicates that there was substantial interaction between the flowing surface water and the

hyporheic (substream) zone. The ratio of storage zone area to stream cross-sectidhghprea (

was >1 in all stream reaches, indicating that the substream area contributing to hyporheic

exchange was large relative to stream cross-sectional area. The rate of exchange, as governed by
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the transient storage exchange coefficiaft\Was rapid because of a high stream gradient and
porous alluvial materials. Estimatesocofienerally exceed those determined for other small
streams. The high degree of hyporheic exchange supports the hypothesis that weathering
reactions within the hyporheos account for observed increases in solute concentration with stream
length, as noted in other studies of Antarctic streams.

Key words transient storage, hyporheic zone, McMurdo Dry Valleys, OTIS, tracer dilution,

solute transport.

Recent studies of solute transport in streams have focused on the physical mechanisms
affecting solute concentrations (Bencala et al. 1990, Stream Solute Workshop 1990, Castro and
Hornberger 1991, Broshears et al. 1993, D’Angelo et al. 1993, Harvey et al. 1996, Morrice et al.
1997, Valett et al. 1997). These studies used tracer-dilution methods in which conservative tracers
were added to the stream under study. Information from the tracer additions were then used in
conjunction with transient storage models (e.g., Bencala and Walters 1983) to quantify stream
hydrodynamics. Most studies to date have been conducted during periods of low flow, such that
flow rates were nominally steady during the tracer addition. Small flow variations attributable to
evapotranspiration may have occurred, but the effects on tracer concentrations were relatively
small. Steady flow was therefore assumed, thereby simplifying the subsequent transport
modeling.

Although the aforementioned studies are of great interest, many situations arise in which
solute transport under unsteady flow conditions is important. Headwater systems, for example,
are often subject to a “spring flush” wherein nutrients and trace metals are transported through the

watershed during the rising limb of the hydrograph (e.g., Creed et al. 1996). In streams affected
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by acid mine drainage and acid rain, large geochemical changes occur in response to rainfall and
snowmelt events (e.g., episodic acidification, DeWalle and Swistock 1994). Desert streams are
subject to frequent flash floods that alter hyporheic flow paths and stream geochemistry (Valett et
al. 1990). Understanding of solute dynamics in these systems is clearly of importance. This
understanding requires modeling techniques that rigorously consider the governing flow regime,
thereby allowing the modeler to differentiate between physical/hydrologic and biogeochemical
effects on solute concentration.

Kennedy et al. (1984) described an experiment wherein diel flow variations affected tracer
concentrations. Jackman et al. (1984) applied a transient storage model to the resultant data set,
using a simple hydrologic model and the assumption that stream cross-sectional area was
temporally constant. This approach was adequate for the problem addressed by the authors, as the
flow variations were relatively small. As flow variation increases, differences in wave celerity and
mass transport become important, and more sophisticated techniques are needed. To this end, we
present a method for the analysis of transient storage in streams that combines unsteady flow
routing and solute transport. The technique presented is applied to Huey Creek, a glacial
meltwater stream in the McMurdo Dry Valleys of Antarctica. The resulting work has implications
for the design of tracer experiments in stream ecosystems as well as the study of solute transport

in dilute Antarctic streams.
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Methods

Site Description

The McMurdo Dry Valleys of Antarctica contain numerous glacial meltwater streams that
drain into lakes on the valley floors (McKnight and Tate 1997). These glacial meltwater streams
are complex hydrologic systems where flow rates vary in response to changes in temperature and
light intensity (Conovitz et al. 1998). Rising lake levels in the dry valleys have been attributed to
increased streamflow in these meltwater systems (Chinn 1993). As the main sources of water and
nutrients, the streams are important when considering the potential effects of climate change on
dry valley lakes (Doran et al. 1994).

Huey Creek is one of several streams draining into Lake Fryxell, a permanently ice-covered
lake within a closed basin. As in most dry valley streams, streamflow in Huey Creek is derived
from glacial meltwater, i.e., no appreciable inflow is added by surface or groundwater sources
downstream from the glacier. Diel variations in air temperature and sun angle affect the
generation of glacial meltwater, producing large flow variations during the day (Conovitz et al.
1998). Annual streamflow is also highly variable and dependent on the duration of temperatures

>0° C and insolation during the austral summer (House et al., 1997).

Tracer experiment

Streams in the dry valleys are fed by cold-based glaciers that provide low ionic strength
meltwater. Dry valley streams are therefore dilute systems; ionic strength generally increases

with stream distance as waters interact with porous alluvial materials. These alluvial materials are
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a source of minerals (e.g., calcite) and marine aerosols. The degree of interaction between the
stream and the surrounding hyporheic (substream) zone is therefore of interest. This interaction
may be investigated using the tracer-dilution method and transient storage modeling.

In January 1992, a tracer-dilution experiment was conducted in Huey Creek to determine
the extent and rate of hyporheic exchange. A solution containing LiCl and LiBr was injected into
Huey Creek beginning at 11:25 on 7 January. The injection continued at a rate of 8.7 mL/s for
~3.75 h. Injectate concentrations of Li and Br were 34 and 23 g/L, respectively. Water samples
were collected at 8 downstream locations (Fig. 1). Samples were filtered and analyzed for Li
(flame AA spectroscopy) and Br (ion-exchange chromatography). Chloride results are not
reported here as the Cl added by the injection did not significantly influence ambient
concentrations. Additional information on the tracer experiment is given by McKnight and
Andrews (1993).

Lithium has been used as a conservative tracer in several acidic streams (e.g., Bencala et al.
1990). In circumneutral streams, Li may not be conservative because of the potential for cation
exchange reactions on clay surfaces. These reactions are probably not significant in Huey Creek,
however, as clays are not present and the streambed materials are relatively coarse. Lithium is
therefore used as a conservative tracer throughout this study, an assumption that is examined in a

later section.

Flow measurement

A Parshall flume provided a continuous streamflow record of Huey Creek above the outlet to
Lake Fryxell (Fig. 1, site 945). Streamflow measurements from this site were fair to poor, with
measurements errors potentially >15% (von Guerard et al. 1995). Flume estimates of streamflow

varied from 50 to 120 L/s during the tracer addition. In addition to this continuous record, single
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discharge measurements were obtained at sites 213, 457, and 610 (Fig. 1) using a pygmy meter
and USGS stream gaging techniques. Additional information on the continuous streamflow

record and single discharge measurements is provided by von Guerard et al. (1995).

Flow and transport modeling

Modeling framework.Betermination of a stream’s transport characteristics provides a
hydrologic setting from which to study biogeochemical processes. Temporal variation in
streamflow may be neglected in many studies because the changes in flow are small over the
relevant time scale. When flow variation is neglected, steady flow is assumed and tracer-dilution
data is analyzed by direct application of a suitable transient storage model.

In our study, flow estimates from the Parshall flume indicated substantial diel variation in
flow rate during the tracer addition. Given this large variation, the assumption of steady flow was
not appropriate. The transient storage model used in this study was therefore linked to an
unsteady flow routing model (Fig. 2). Within this modeling framework, temporal variations in
volumetric flow rate Q) and main channel cross-sectional ar&®pwere simulated using the flow
routing model. These time-varying values were supplied as input to the transient storage solute
transport model. Additional details on the flow and transport modeling components are provided
below.

Unsteady flow routing=The flow routing component of the modeling framework is based on
the channel routing algorithms of BR (Alley and Smith 1982), as implemented within the
Modular Modeling System (Leavesley et al. 1996). The routing algorithms solve the 1-
dimensional Saint-Venant equations for unsteady flow using the kinematic wave approximation.
The governing equations conserve mass (continuity) and momentum. The continuity equation is

given by:
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0 0A
a—()?"'a = duN [1]

whereA is the main channel cross-sectional ared,(@is the volumetric flow rate (ffs), auiNn
is the lateral inflow rate (volumetric flow added by groundwater, interflow and overland flow, per
unit stream length, ﬁﬁs-m),t is time (s), andis distance (m). Field observations of Huey Creek

indicated that the channel was approximately rectangular. The kinematic wave approximation of

the momentum equation for a rectangular channel is given by:

g2 903
Q= —7— [2]

whereS; is the bed slope is Manning’s roughness coefficient, amds channel width (m).
The first step in the routing procedure was to develop an inflow hydrograph at the upstream

boundary (the injection point, site 0). Lithium tracer concentrations at the most upstream

sampling location (site 9, Fig. 1) were used to estimate flow using the tracer-dilution method:

_ QG
Q = 1T,-Ccy)

[3]
whereQ is the flow at the upstream boundary®(s), Q; is the injection flow rate (fs), C; is the
injectate concentration (mg/L{q is the observed Li concentration at site 9 (mg/L), &ds the
background Li concentration (mg/L). Observed Li concentratiGgsvere compared to
observed concentrations at site 213 to verify that sampled waters at site 9 were well mixed.

Equation 3 is applicable during the plateau period of the injection, i.e., after the tracer front
arrives andCq is no longer changing because of mixing processes. As a result, the tracer-dilution
method provided only a limited portion of the inflow hydrograpk (11.75-14.83 h). To provide
the remaining portions of the inflow hydrograph, the continuous discharge record at site 945 was

shifted backwards in time to represent the flow at site 0. The magnitude of the shift was
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determined by comparing the rise of the hydrograph at site 945 with the rise in the hydrograph at
the upstream boundary provided by tracer dilution (equation 3). The difference in the timing of
the two hydrographs indicated a shift of 0.5 h.

Flow routing computations also required an approximation of channel geometry for the
stream under study. Solution of equations 1 and 2 required estimates of bed slope, Manning’s
and channel width. Bed slope estimates were based on surveyed elevations available at ~30.5 m
increments (E.D. Andrews, unpublished data). Values of Manning&re obtained using
Manning’s equation and data from the single discharge measurements at sites 213, 457, and 610,
i.e., Manning'sn was back-calculated based on slope, flow velocity, and cross-sectional area.

Channel widths were available from the single discharge measurements at sites 213, 457,
and 610 (1.0, 1.2, and 1.2 m, respectively). Average channel widths used in the routing model
were adjusted upward from 0.4 to 0.6 m as part of the calibration process. Widths were adjusted
such that simulated velocities agreed with velocities observed during the single discharge
measurements (Table 1). This upward adjustment of stream width is consistent with the fact that
discharge measurements were made at narrow, well-defined cross-sections. Estimates of
Manning’sn, bed slope, and channel width for the various flow routing reaches are summarized in
Table 2.

The calibrated routing model provided a time series of flow and cross-sectional area at
various downstream locations for use within the solute transport model. A comparison of routed
flows and flows measured by the Parshall flume at site 945 shows that routed streamflow exceeded
flume measurements during the peak of the hydrograph (Fig. 3). Because routed flow was based
on tracer-dilution data, it included flow within the hyporheic zone. The lower flume discharges

therefore suggests the existence of hyporheic flow paths that bypassed the flume.
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Solute transport.Fhe rate and extent of hyporheic exchange may be quantified by applying

a transient storage solute transport model to the tracer data. In this study we used OTIS (One-

dimensional Transport with Inflow and Storage, Runkel 1998), a solute transport model that

considers the physical processes of advection, dispersion, and transient storage. Model inputs

include the time-varying flows and cross-sectional areas computed by the routing model and two

parameters describing the process of transient storage (Fig. 2). These two parameters are the
exchange coefficienty (/s), and the cross-sectional area of the transient storagelké)(rmz,). In
general, transient storage occurs because of solute detention in pockets of slow-moving water
(i.e., side pools, eddies) and porous areas of the streambed (the hyporheic zone; Runkel and
Bencala 1995). Huey Creek lacked side pools, so the transient storage paramagees€ a
direct measure of hyporheic exchange.

The governing equations describing the spatial and temporal variation in solute

concentrations are given by:

0C _ QoC 10 oC Quin,~ 3

3t~ T AdX + A&(AD&) + A (C.-C) + a(Cs-C) [4]
dCS_ A
R T 5]

whereC is the main channel solute concentration (mglly)is the storage zone solute
concentration (mg/L)C, is the lateral inflow solute concentration (mg/L), dds the dispersion
coefficient (nf/s). All model parameters may vary on a reach-by-reach basis to reflect spatial

variability. Numerical solution of equations 4 and 5 is described by Runkel and Chapra (1993,

1994).
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Equations 4 and 5 describe the transport of conservative solutes. The solute transport model
was therefore used to simulate the downstream transport of Li as a conservative tracer. Transient
storage parameters for each stream reach were estimated by comparing the observed Li data with
the model simulations. In many model applications, this parameter estimation process requires
manual adjustment of the parameters to obtain close correspondence between simulated and
observed tracer concentrations. This is a tedious trial-and-error procedure given the semi-
empirical nature oft andAs. The problem was further complicated in the present application,
because flow rates were changing throughout the tracer-injection period. As an alternative to the
trial-and-error approach, we obtained parameter estimates using nonlinear least squares (NLS;
Wagner and Gorelick 1986, Runkel 1998). Final parameter estimates obtained by NLS are shown

in Table 3.

Results and Discussion

Simulation results

Figure 4 (a-d) depicts simulated and observed Li concentrations at four downstream
sampling locations. The simulations represent the best fit of the solute transport model to the Li
data, as determined by NLS. Three distinct stages are evident in the observed concentration
profiles. During the initial stage, Li concentrations rise dramatically as the tracer front arrives.
This is followed by a >3-h period in which Li concentrations fluctuate in response to changes in
streamflow. During the final stage, Li concentrations decrease slowly as the tracer front passes
and tracer mass leaves the hyporheic zone. Simulated Li concentrations generally follow the

observed data (Fig. 4a-d). Changes in streamflow simulated by the routing model allow the
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transport model to follow the changes in concentration observed during the second stage. Failure
to consider streamflow variability would result in a flat concentration profile (plateau) during this
period.

The parameter values developed using the Li data may be used to predict the transport of
other stream solutes, e.g., Br, another solute introduced by the tracer injection (Fig. 4e-h).
Although observed Br concentrations are somewhat erratic, Br simulations based on the Li
parameters indicate that the two solutes behaved similarly in Huey Creek. This result is in
contrast to the findings of Bencala et al. (1990) for a metal-rich stream in which Br observations
did not concur with Li-derived transport simulations.

The number of Br observations below the simulated concentration profile indicates that
there may have been a slight loss of Br because of geochemical processes. The over-prediction of
the Br profile also supports the assumption of conservative behavior for Li. If Br had been
selected as the conservative tracer, simulations of Li based on Br-derived transport parameters
would under-predict the Li profile. This under prediction would then suggest a source of Li in

Huey Creek that was not identified during pre-injection sampling.

Huey Creek solute dynamics

Visual inspection of Huey Creek suggests that there was substantial interaction between the
flowing surface water and the hyporheic zone. Flow was relatively shallow (0-30 cm) and the
streambed was composed of coarse alluvial materials. The discrepancy between routed and
measured streamflow shown in Fig. 3 also suggests hyporheic zone interaction. This interaction is
confirmed by the tracer addition and transient storage modeling described above (Table 3). High
values for the exchange coefficieat,suggest a rapid exchange of water and solutes between the

channel and the hyporheic zone. Exchange coefficient values for Huey Creek are substantially
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higher than estimated values for several mountain streams (Fig. 5). The high rate of exchange in
Huey Creek may be attributed to the high gradient of the stream (Table 2) and the porous nature of
the alluvium.

Parameter values and 95% confidence intervals provided by the NLS procedure for transient
storage area (Table 3) are plotted in Fig. 6. The relative size of the storage zone is frequently
expressed as the dimensionless ratig\. For unsteady flowAdA in a given reach varies with.
Minimum and maximum values based on maximum and minimum stream cross-sectional areas
are presented in Table 3. High values (>1A&A indicate that the substream area participating
in hyporheic exchange was large relative to the stream cross-sectional area. Large val{#es of
are also consistent with field observations. Parameter estimates for the first 3 reaches indicate that
reach-to-reach variability iAgwas relatively low. An exception to this homogeneity is the large
estimate ofAgin the final reach. This increase was due in part to the decrease in stream slope
(Table 2); i.e., as the slope decreased, the stream spread out and had more interaction with the
alluvium. Actual storage zone area for the final reach may have been considerably lower than the
estimated value, however, given the 95% confidence interval shown in Fig. 6.

In summary, tracer-dilution data and transient storage modeling indicate that there was a
high degree of hyporheic exchange within Huey Creek. Waters entering the hyporheic zone have
a longer residence time than waters in the main channel. In addition, there is more intimate
contact between the water and the surrounding substrate. These hydrologic factors promote
weathering reactions such as the dissolution of calcite. The high degree of hyporheic exchange

therefore supports the hypothesis of Green et al. (1989) that weathering reactions account for the
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observed increase in solute concentration with stream length. Quantification of hyporheic
processes should prove useful in studies of primary weathering in Antarctic systems (e.g., Lyons

et al. 1997).

Steady flow comparison

To illustrate the importance of the unsteady flow modeling framework, the NLS procedure
was used to determine parameter estimates and simulated Li concentrations for steady flow (Table
4). In this analysis, the volumetric flow ra€@) @nd the stream cross-sectional arSaxere
temporally fixed at 135 L/s and 0.16,mespectively. These values were selected to represent
average hydrologic conditions during the latter stages of the experiment (t>13 h). The NLS
procedure was therefore used to fit the recession of the tracer profile.

Parameter estimates for steady flow are given in Table 4. With the exception of reach one,
there is an order of magnitude agreement between the estimated parameters and those obtained
using the unsteady flow analysis (Table 3). Despite this general agreement, errors in the
parameter estimates (relative to the unsteady flow estimates) were substantial (Table 4). These
errors may potentially bias simulations of reactive transport (e.g., Runkel et al. 1996), thereby
leading to incorrect analyses of stream geochemistry.

The assumption of steady flow resulted in an under-prediction of the Li concentration during
the initial stages of the experiment (Fig. 7). In addition, simulated concentrations did not vary in
response to changes in flow. These results are in contrast to the previous simulation that considers
unsteady flow (Fig. 4b). This analysis shows that only a portion of the observed concentration

profile may be simulated accurately under the assumption of steady flow.
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Experimental design

The modeling work described above has several implications for the design of tracer-
dilution/solute-transport experiments in streams. As shown in the present application, additional
data collection activities should be undertaken when tracer-dilution methods are used during
periods of unsteady flow. For this experiment, additional data collection included continuous
measurement of discharge at site 945 and three single discharge measurements. As described
previously, portions of the discharge record at 945 were used to create the inflow hydrograph at
the upstream boundary of the system. Development of the inflow hydrograph based on
downstream data (site 945) was required because a continuous record at the upstream boundary
was unavailable. To avoid any errors associated with this approach, a more desirable set of data
would include continuous discharge measurements at the upstream and downstream boundaries of
the modeled system. Under this design, upstream discharge information could be combined with
tracer-dilution data to create the inflow hydrograph. Data from the downstream discharge station
could then be used to calibrate the flow routing model.

Another important aspect of the experimental design relates to the single discharge
measurements taken at sites 213, 457, and 610. Measurements of velocity and stream cross-
sectional area at these sites were combined with estimates of bed slope to determine Manning’s
a critical parameter in the flow routing procedure. An alternative approach is to deterfname
tabulated summaries or empirical relationships. These relationships produce small values of
that when used within the routing model produce flow velocities in excess of observed values.
Values ofn determined via discharge measurements (0.054 - 0.10) are generally higher,

suggesting greater roughness (and hence lower velocity). The increased roughness may be caused
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by shallow flow depths (often <15 cm) and low water temperatures, two factors that may not be
considered in the empirical relationships. The single discharge measurements are therefore an

important part of the available data.

Model formulation

The solute transport model used for this work (OTIS, Runkel 1998) is based on the transient
storage formulation presented by Bencala and Walters (1983). In this formulation, the exchange
coefficient and transient storage area are treated as constants within a given reach. For unsteady

flow applications, the formulation results in the assumptionatfaatdAgare unaffected by

changes in flow, velocity, and stage. Several field observations suggest that this assumption is
appropriate for Huey Creek. First, given the lack of side pools in Huey Creek, storage area is
equivalent to the area of the hyporheic zone. Hyporheic zone area may be viewed as the product
of the depth to permafrost and the width of the wetted streambed, two quantities that remained
constant during the Huey Creek experiment. Second, the highly porous nature of the streambed
suggests a large exchange coefficient that may be independent of the flow regime. The range of
estimated values far (Table 3, Fig. 5) also indicates that spatial variability may be more

important than the temporal variability associated with changes in flow.

Our initial analysis of transient storage under unsteady flow relies on the model formulation
described above. Future efforts could consider modifications to the model that express the
transient storage parameters as functions of the flow regime. In regard to the exchange
coefficient, several authors have noted an increase in the magnima@tbfincreasing
streamflow (D’Angelo et al. 1993, Harvey et al. 1996, Morrice et al. 1997). The physical reason
for the increase ia with Q may be the corresponding increase in stream veldQig){i.e.,

higher stream velocities promote exchange between the active channel and the transient storage
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zone. Empirical relationships betweemandQ/A may therefore be developed. Fgy the work

of Harvey et al. (1996) and Morrice et al. (1997) indicates a decrease in both transient storage
zone area and relative transient storag@A) with increasing streamflow. This decrease may be
caused by the presence/absence of surface storage areas (i.e., pools and eddies) at low/high flow;
i.e., pools at low flow may become active parts of the channel at high flow. Another possible
explanation is an apparent insensitivity of the transient storage model to hyporheic exchange at
higher flow (Harvey et al. 1996). These observations suggest empirical relationships Between

(or alternativelyAdA) andQ.

Another aspect of the model formulation described by Bencala and Walters (1983) is the
assumption that water in the storage zone is immobile relative to water in the main channel. This
assumption is based on work in mountain streams where there are zones of stagnant water and
flow velocities through the hyporheic zone are low. In contrast, transient storage in Huey Creek
appears to be dominated by flow through a porous hyporheic zone wherein flow velocities may be
considerable. Alternate models that explicitly consider subsurface flow may therefore be of
interest. Use of alternate models may be problematic, however, in that mechanistic descriptions
of subsurface flow may introduce parameters that are difficult to identify using standard tracer
techniques. This observation is in part responsible for the widespread use of the transient storage

approach to date.

Solute transport under unsteady Flow

The modeling framework used to study Huey Creek combines a kinematic wave routing
model with a transient storage solute transport model. Discussion of the numerical techniques

underlying the transport model suggests that the model formulation may not be appropriate for the
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analysis of solute transport under unsteady flow (Dawes and Short 1994, Runkel and Chapra
1994). The specific concern is that the numerical solution of equations 4 and 5 using a
concentration boundary condition may not conserve mass given an unsteady flow regime. In
order to test mass conservation, concentration-discharge profiles were integrated with respect to
time to determine the mass passing a given sampling location. These integrated values agreed
closely with the mass introduced via the upstream boundary condition; the maximum error at the
five locations tested was 0.074% (Table 5). This low level of error indicates that mass is
conserved and that the modeling approach used is appropriate for Huey Creek. In light of the
large flow variation considered herein (Fig. 3), these results also suggest that the approach is

appropriate for other unsteady flow applications.
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TABLE 1: Values from single discharge measurements (Obs. = observed) and flow
routing computations (Sim. = simulated).

Gaging Lo Flow (L/s) Area (nf) Velocity (cm/s)
location (h)
(m) Obs. Sim. Obs. Sim. Obs. Sim.
213 11.8 93.4 90.6 0.13 0.13 73 73
457 12.3 101.9 113.3 0.12 0.14 85 85
610 12.7 96.3 121.8 0.12 0.15 79 79

TABLE 2: Parameter estimates used for flow routing computations.

Reach Bed slopes, Channel width, Manning’s

(m) (%) w (m) roughnessn)
0-9 9.1 14 0.10
9-213 12.3 1.4 0.10
213-457 6.9 1.6 0.061
457-610 5.0 1.8 0.054
610-762 5.2 1.8 0.054
762-945 4.0 1.8 0.054
945-1006 19 1.8 0.054

1006-1052 11 1.8 0.054
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TABLE 3: Transient storage parameter estimates under unsteadyAlownain
channel cross-sectional area. The dispersion coeffid®nés set to 0.5 for all stream

reaches
Reach Exchange Storage zone AJA
((ina)c coefficient,a areaAg
(/s) (m?) Min. Max.

0-213 1.07 x 16° 0.20 1.1 1.8

213-457 5.43 x 10¢ 0.25 15 2.4

457-762 1.62 x 162 0.14 0.8 1.4
762-1052 4.67 x 16¢ 3.07 15.9 34.3

TABLE 4: Transient storage parameter estimates under steady flow. Error
= the relative error based on parameter estimate from unsteady flow analysis.
The dispersion coefficienD} was set to 0.5 for all stream reaches.

Exchange coefficienty Storage zone areAs
Reach (/s) (m?)
(m)
Estimate % Error Estimate % Error
0-213 4.52x16 -58 0.14 -30
213-457 6.42 x 10¢ 18 0.31 24
457-762 298 x 1% 84 0.26 86

762-1052 4.16 x 16* -11 2.23 -37
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TABLE 5: Mass balance errors at various reach end points.
Percent error was calculated by comparing simulated mass and total
mass introduced by the upstream boundary condition (4003.94 mg).

Simulated mass

endRpeoaig?(m) pass(i)ri]r?t r(?;ig)h end % Error
9 4003.934 -0.00015

213 4005.333 0.035

457 4006.060 0.053

610 4005.430 0.037

762 4006.898 0.074
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